INTRODUCTION
Investigating "the brain at work" can rely on the neuronal and the vascular response to a stimulation (Villringer and Dirnagl, 1995) . Scalp recorded potentials dominated the noninvasive investigations in the human adult until the advent of modern vascular imaging techniques, today clearly the most widely used approaches for studies in functional anatomy of the human brain (Rosen et al., 1998) . The shift in methodological preference has likewise shifted the connotation of the term "activation" from a primarily electrophysiological understanding to defining cerebral activation by the vascular imprint in cortical areas as detected by positron emission tomography (PET) or functional magnetic resonance imaging (fMRI) (Raichle, 1998) . The assumption of a close coupling between the neuronal excitation and the changes in blood flow in the same cortical area may have proven valid in the fundamental sense that areas identified to play a role by invasive electrophysiological studies in primate models correspond to those in the human as shown by the functional imaging techniques, founded on changes in regional cerebral blood flow (rCBF) (van Essen et al., 2001) . Also besides this general functional-anatomical concordance and despite the clearly lower temporal resolution, BOLD contrast fMRI has been successful to track sequential activation of different cortical areas in good agreement with previously reported ERP findings (Wildgruber et al., 1997) . There are, however, a number of unresolved questions, one of which is by which model the translation from the neuronal activation to the vascular response can be best described (Boynton et al., 1996) . In a broader sense this is the question as to the linearity of the vascular response, of BOLD-contrast changes and of other measures of rCBF (Mechelli et al., 2001) , to the underlying neuronal activity. More specifically this also touches the question of habituation, upon which we here focus. Finding the BOLD contrast to decay during ongoing stimulation with certain paradigms (Hathout et al., 1994; Condon et al., 1997) brought up the issue whether the vascular response shows a "habituation" independent of the neuronal input over time (i.e., responds nonlinearly over time). The issue has been controversially discussed and yielded a theory suggesting changes from oxidative to nonoxidative metabolism during ongoing stimulation, readily explaining the increase in lactate found during prolonged activation of neuronal tissue Magistretti, 2000) . At present the controversy probably has given way to the notion of both linear and nonlinear aspects of the BOLD-contrast (Kruger et al., 1999) , nonetheless a principal weakness of many related studies is that neuronal input is assumed constant. This may be surprising since habituation of event-related potentials (ERP) has been extensively studied in the human since the basic mechanisms have been described in Aplysia by the Kandel and coworkers (Pinsker et al., 1970) . Proceeding from electrophysiological work (Wastell and Kleinman, 1980) , elucidating the time course of the reduction in ERP amplitude more recent work has even highlighted deficient habituation in pathological conditions, especially migraine (Schoenen et al., 1995) . Assuming that habituation is a physiological process preventing stimulus overload imaging techniques have been used to identify brain structures governing habituation (Poellinger et al., 2001; Fischer et al., 2000) .
The reason why neuronal input has not been routinely assessed in studies concerning aspects of linearity is twofold. On the one side there is no electrophysiological standard by which neuronal input can be defined. For noninvasive studies in the human, scalp recorded ERPs represent a rather blurry net-effect of excitatory and inhibitory processes in the cerebral cortex. For invasive primate models spike rate has been related to the vascular response (Rees et al., 2000; Heeger et al., 2000) , but recently it has been shown that field potentials may be a better measure for neuronal activity eliciting the vascular response (Logothetis et al., 2001) . On the other side there are methodological limitations. The registration of electrophysiological responses in the magnet are feasible (Bonmassar et al., 2001) , but signal to noise ratio (SNR) is decreased by the simultaneous registration. Concerning PET the technical limitations may be lesser; however, PET's temporal resolution, rather on the order of minutes, restrains potential correlation analyses, besides PET's limitations as to repetitive measurements in an individual (Sadato et al., 1998) .
We here present a combined approach using near infrared spectroscopy (NIRS) to monitor changes in cortical haemoglobin oxygenation and a standard EEG set-up to simultaneously measure VEP amplitudes.
The approach is directed towards a comparatively undemanding assessment of neurovascular coupling. The major problem of either method is that of exactly defining the cortical structures generating the VEP and the volume sampled, to which the changes in oxygenation changes can be attributed. Aware of these limitations we define a coupling index relating the magnitude of the VEP amplitude in V to the changes in the haemoglobins' concentrations in M. This may be considered too confident in the reliability of either measurement; however, the rising interest in correlating electrophysiological measures to parameters based on the vascular response (spike rate, field potential/ BOLD (Heeger et al., 2000; Logothetis et al., 2001) , photic driving/TCD-flow velocity (Diehl et al., 1998) ) has encouraged us to operationally define such an index. We invoke to control for neuronal input when issues of neurovascular coupling are investigated, while we aim to further elucidate the versatility of such an index, and test its applicability also under pathophysiological conditions, as has been reported in a preliminary form for migraine patients (Israel et al., 2000) .
MATERIALS AND METHODS
Fifteen volunteers were examined (mean age 26 years SD 2.1 years; 8 female, 7 male) none of whom had a history of a neurological or other medical disorder. All subjects had normal or corrected to normal vision. Special care was taken to exclude migraine sufferers. The protocol was agreed on by the local ethics committee and volunteers were financially rewarded for their participation.
For the EEG measurements 5 channels of a 16-channel EEG (Schwarzer, Mü nchen) were used. Data were recorded from O z , O 1 , and O 2 and referenced to F z (electrode positions according to international 10 -20-system). EOG (electrooculogram) was registered but not used for further artefact correction. Data were sampled at a rate of 1 kHz, applying an online bandpass filter between 0.3 and 70 Hz, and stored for offline analysis.
For the optical measurements a frequency domain spectrometer (ISS Inc., U.S.A.) was used allowing for the detection of intensity and phase changes (modulation frequency 110 MHz) at 4 wavelengths (750, 780, 810, and 830 nm) in two independent probe positions. The light-emitter to -detector distance was 3.0 cm and the two probe pairs were centered around O 1 and O 2 (see Fig. 1 ). Data were sampled at 5 Hz and stored for offline analysis.
The stimulus consisted of an annular black and white checkerboard (compensating for cortical magnification) displayed on a computer monitor (17 inches) at a distance of ϳ1 m (Fig. 1) . Reversion rate was ϳ3 Hz. It was triggered by an impulse generator, whose impulses were co-registered on the EEG and the optical recordings for synchronisation in the offline analysis. Trigger frequency slightly varied between subjects (3.1 Hz Ϯ 0.05). During the resting periods a blank screen with the fixation cross was displayed.
Subjects were comfortably seated in an EEG-chair in a quiet room. Room light was dimmed and the optical probes were covered by black cloth to avoid ambient light. Fixation was maintained throughout the experiment. The experiment was stopped when the subject became tired or encountered problems to maintain fixation. Blocks of 180 reversals (ϳ 1 min) alternated with resting periods (blank screen) of the same duration (see Fig. 2 ). Subjects completed 12-15 of such stimulationrest cycles (overall experimental duration ϳ30 min).
ANALYSIS

EEG Data
EEG data were digitally filtered offline with a lowpass Butterworth filter at 30 Hz (filter power 4). Next, the data were averaged across 15 and 180 successive triggers respectively (VEP 15 and VEP 180 ). The resting periods were analysed in the same fashion to obtain baseline values. The time courses of the VEP-component amplitudes thus consist of 12 values for each stimulation and each resting period (VEP 15 ), or 1 value when 180 reversals were averaged (VEP 180 ). Also the grand averages across all responses in a single subject were assessed (VEP all ). Since only subjects with a normal P100 latency were included and latencies are no focus in this paper the P100 peak was set to 100 ms. The latencies of the two other components were also within the normal range (N75: 70.3 ms Ϯ 3.6; N135: 139.2 ms Ϯ 6.2; mean Ϯ SD). Since the focus of the present paper is on the amplitude and its change over time the following values were assessed in each subject and each epoch:
difference between maximum at 80-120 ms and minimum at 60-90 ms. P100 N135:
difference between maximum at 80-120 ms and minimum at 110-190 ms.
The temporal windows for the individual components were adopted from a related study (Afra et al., 1998) ; however, a slight narrowing of the different windows (as used by other groups) did not qualitatively change the results.
Both values were also calculated as percentage of the mean amplitude across all trials in the respective subject. Finally, a fitting procedure was applied where the individual VEP all was linearly fitted into the successive epoch averages (VEP 15 /VEP 180 ) in the following temporal windows, yielding a normalised time course of the VEP amplitude in the individual volunteer (compare with (Guy et al., 1999) ): from 60-120 ms (corresponding to N75 P100), from 80-190 ms (corresponding to P100 N135) and from 40-210 ms (as a measure of all three VEP components).
These different procedures are illustrated in Fig. 3 . In summary, it was our goal to define different measures to test for a habituation of the VEP amplitude on two different time-scales (1) within the individual 1 min stimulation blocks (VEP 15 -epochs) and (2) over the successive stimulation blocks (VEP 180 ).
Vascular Parameters
The phase and intensity changes acquired by NIRS were converted into concentration changes of oxygenated and deoxygenated haemoglobin (⌬[oxy-Hb] and ⌬[deoxy-Hb]) according to a previously described multiple discrete wavelengths algorithm (Uludag et al., 2001) . Generally, the NIRS approach in functional activation studies has been multiply used in previous work of our and other groups (for review see ). Principally, the method relates changes in light absorption to changes in chromophore concentration in the illuminated tissue. Due to the relative transparency of biological tissue to light in the near-infrared (especially between 600 and 950 nm), the sampling volume reaches down to the cerebral cortex even in human adults. The physical assumption is a constant optical path length during the measurement, allowing for the application of a modified Beer-Lambert law to calculate and quantify concentration changes. The physiological assumption is that the haemodynamic changes induced by the functional stimulation take place in the intracerebral layer of the sampling volume and are negligibly confounded by changes in extracerebral haemodynamics. Based on these assumptions NIRS has been shown to reliably detect a haemodynamic response over an activated cortical area typically consisting of an increase in [oxy-Hb] and a decrease in [deoxy-Hb] . The latter corresponds to the BOLD-contrast increases in response to functional activation as monitored by T2* weighted fMRI .
In the present study we used a monitor providing data on changes and in intensity (that is: attenuation, ⌬I) and in phase (a measure of the time of flight of the photons, ⌬⌽). The concentration changes in the haemoglobins were therefore assessed based on either parameter. Theoretically, the ⌬⌽-derived changes are more sensitive for changes in the deeper layers; however, the signal to noise ratio is smaller than for the ⌬I-based values (Hemelt and Kang, 1999) (Kohl et al., 2002) . We do not focus on the issue in this paper, but report the concentration changes in [oxy-Hb] and [deoxy-Hb] based on either procedure and discuss potential implications below (see Discussion). Yet another methodological issue beyond the scope of the present paper needs mentioning. Besides the changes in the haemoglobins, cytochrome oxidase exhibits a differential spectrum in the near-infrared. Therefore changes in its redox state can also be monitored by the methodology (Heekeren et al., 1999a; Springett et al., 2000) . Since the change in Cyt-ox redox-state to physiological stimulation in the human adult is still under debate and the here used system does not use optimal wavelengths for the assessment of Cyt-ox, we restrict the analysis to the haemoglobins, the assessment of which is not controversial.
The following paragraph describes the different steps of the time course and amplitude analysis in ⌬[oxy-Hb] and ⌬ [deoxy-Hb] . First, the parameters, sampled at 5 Hz, were digitally resampled to the individual stimulus frequency (ϳ3 Hz) to allow for better comparison with the VEP amplitudes assessed. To minimize artefacts from slow hemodynamic changes, most probably unrelated to the stimulus, the time course of the changes within each stimulation/rest cycle were linearly detrended. More refined methods of baseline correction such as high-pass filtering or higher-order polynomial fit subtractions were tested, but bear the undesirable danger of introducing a change in response magnitude across the different cycles. Next, Fig. 2 ). The fact that during resting period the amplitude of the two components does not equal zero is due to the analysis procedure and reflects "baseline" noise.
an average across all subjects (Fig. 4 ) and the average time course across all cycles in all subjects (Fig. 5) were assessed. To determine a potential attenuation of the vascular response across the stimulation-blocks, in each volunteer the average response was fitted into the response in the individual block resulting in a vascular measure comparable to the VEP 180 (see Fig. 3 ). To examine within block habituation of the vascular response data were resampled at the interval of 15 reversals (ϳ4.8 s) resulting in a vascular measure comparable to the measure obtained for the VEP 15 -epochs (Fig. 3) . To clarify the terminology chosen in the present paper: A cycle consists of 1 stimulation block (i.e., VEP 180 or mean across ϳ1 min of the NIRS-parameter) and 1 resting period. The stimulation block is split up into epochs of 15 reversals (i.e., VEP 15 corresponding to means across ϳ4.8 s of the NIRS-parameter).
Coupling Analysis
The design of the present study investigates the habituation effects caused by repetitive checkerboard stimulation on two different time scales (within block and across blocks). Since electrophysiological and vascular responses were measured simultaneously there is the option to also analyse their relation determined by the so-termed neurovascular coupling. Though either method exhibits specific problems concerning quantification and localisation, we consider it justified to operationally define a ratio between the two parameters, the numeric value of which may be rather preliminary due to the above mentioned uncertainties concerning absolute magnitudes of vascular and electrophysiological parameters. The here introduced coupling index (CI) is defined by the ratio:
As the vascular parameter is measured in units of M and the VEP in V, the CI is expressed in units of M/V. The ratio implies a linear relationship between the respective vascular and electrophysiological parameter. We cannot definetly test this hypothesis by the present experimental design. However, the habituation effect found in the electrophysiological and the vascular response within the 1-min stimulation period offers a rough check of the assumption. In case the assumption is correct we expect a decrease of 1% in VEP-component amplitude to result in a 1% decrease/ increase in [oxy-Hb] and [deoxy-Hb] respectively. The analysis therefore comprised three steps.
(1) The mean amplitudes of the vascular parameters and the N75P100 / P100N135 components were calculated. All parameters were checked for habituation within the 1 min stimulation block (see Table 1 ).
(2) All responses were normalised to their respective mean amplitude (i.e., the mean amplitude across all stimulation blocks was set 100%, for the vascular response. For the electrophysiological response the fitting procedure results in normalised values, the VEP all being set to 100%). The habituation expressed in percentage is given in Table 2 . Note. Absolute changes of the oxygenation parameters in M (⌬⌽-based and ⌬I-based assessment) and the VEP-components in V. The changes over the 1 min stimulation block (i.e., the habituation) is given for each parameter (rows marked by ␦). To check for statistical significance of this habituation-effect t statistics were performed across the 13 blocks for the individual volunteer (paired, 12 df). The last row gives the mean across subjects. Here the asterisks denote the result of t statistics performed across the habituation in the 12 subjects (one-sample, 11 df). $ P Ͻ 0.1; * P Ͻ 0.05; ** P Ͻ 0.01; n.s., P Ͼ 0.1, indicated only in the last row. Table 4 ). The resulting correlation coefficient gives a general measure of the correlation for the parameter pairs but is also determined by the noise level of the respective parameter combination. This analysis was performed to find out, which of the electrophysiological parameters would be the best predictor of the response in which of the vascular parameters.
Statistical Methods
Across all subjects. A General Linear Model (GLM) analysis for repeated measures with a simple contrast against the first (for the vascular response the second) epoch was used to check for statistically significant changes within and between blocks across all subjects (see Table 3 ). Also the difference between the 1st (for the vascular parameters 3rd) compared to the last epoch in a stimulation block was tested by t tests (1st vs 12th VEP 15 and 3rd vs 12th epoch of the vascular parameters).
Within the individual subject. Paired t tests across the successive 13 stimulation blocks were performed to test for a statistically significant change in the response from the 1st 15 VEPs compared to the last 15 VEPs (i.e., 1st VEP 15 vs last VEP 15 , 12 df P Ͻ 0.05). In analogy the vascular response was tested for 'habituation' in the individual subject, respecting the vascular latency (i.e., the 3rd instead of the 1st epoch during stimulation was tested against the last).
The analyses were performed in Matlab 5.3 (The Math Work Inc.) in part using prewritten routines. For the GLM analyses SPSS 7.5 (SPSS Inc.) was used.
RESULTS
The grand averages across all 12 subjects for the vascular and the electrophysiological data are shown in Fig. 4 . The remaining three subjects were excluded from the analysis, because either NIRS or EEG measurements showed strong artefacts (baseline shifts) or P100 abnormalities (W-form). The results of the oxygenation measurements are a decrease in [deoxy-Hb] mirrored by an increase in [oxy-Hb] of about three times the magnitude (compare with Table 1 ). This finding is in line with the previously reported oxygenation changes over a functionally activated cortical area (Heekeren et al., 1999a; . The oxygenation changes derived from the phase measurements show a greater amplitude, while noise level is also greater especially for the [deoxy-Hb] parameter (grey symbols without SD in the upper two graphs). The two VEP components (N75P100, P100N135) are given as averages across 15 reversals (VEP 15 ) in the lower two graphs. Even in this grand average the different behaviour within the blocks between the two parameters can be seen: there is an initial maximum for P100N135-component, while a slower development of the maximum is seen for the N75P100-component. The baseline values of about 5-6 V results from the analysis strategy (maximum minus minimum in the different temporal windows, thus representing the noise level of the filtered data).
Across Block Changes in Amplitude
The following figure (Fig. 5) demonstrates the amplitudes' dynamics along the successive blocks (180 reversals, ϳ58 s duration). The values shown in the figure (% of mean response) are calculated by the fitting procedure described above. The offset at the beginning is set at 100% for easier comparison. While the two VEP-components show some decrease in relative amplitude over the first 6 blocks, the vascular parameters show no clearly identifiable trend. For neither VEP nor vascular parameters GLM statistics revealed a significance. The decrease in amplitude seen in Fig. 5 may is but a brittle indication of a slight electrophysiological habituation across successive 1 min blocks separated by equally long recovery periods for the P100N135-component. The normalized residual (r norm ) provides an estimate of the goodness of the prediction by the regression line. Note that the coefficient a, i.e., the slope of the regression line, corresponds to the coupling index as derived from the habituation effect. The prediction of the vascular response by the P100N135 is rather well approximated by the linear regression function. In this case the coupling index (i.e., the slope) has the same magnitude as the value obtained by dividing the average response magnitudes (compare text and Table 1 ).
Within Block Changes in Amplitude
The under-/overshoot phenomenon after the cessation of the stimulus is more prominent in the [deoxy-Hb] trace. Besides the systematic difference in magnitude there were no relevant differences between the values derived from the intensity when compared to those derived from phase changes (grey symbols in both graphs).
Correspondingly Fig. 7 shows the results from the electrophysiological measurements. The upper row of graphs shows the relative magnitudes for the N75P100-and the P100N135-component as well as the values obtained by applying the fitting procedure to the temporal window from 40 -210 ms after pattern reversal. The lower two graphs illustrate the general agreement between the relative changes in amplitude when calculated from the fitting procedure as compared to the maximum-minimum assessment (here, the latter is also given in percentage of mean). The habituation effect is slightly more prominent in the values obtained by the fitting procedure. The obvious habituation of the P100N135-component is in agreement with the literature (Afra et al., 1998; Schoenen et al., 1995; Sandor et al., 1999) ; however, we find a different behavior of the N75P100-component, which shows an increase in amplitude over some 10 s to habituate only over the last 10 s of the stimulation block. The fitting procedure comprising all three components (40 -210 ms, also compare the small inlays denoting the temporal window fitted in the three upper graphs) shows a behavior similar to the P100N135-component fit. We introduced this measure, since it may best represent global electrophysiological activity when comparing it to the vascular response which cannot be differentiated temporally with respect to the individual VEP-components.
Statistical analysis generally supported these findings. For the absolute response magnitudes we found in all subjects the [oxy-Hb]-and in 11 subjects the [deoxy-Hb]-response to be attenuated during the stimulation period. The mean ⌬I-derived changes amounted to Ϫ0.23 M Ϯ0.18 for oxy-Hb and ϩ0.07 M Ϯ0.07 for deoxy-Hb, ⌬⌽-derived values were calculated to Ϫ0.34 M Ϯ0.27 for [oxy-Hb] and ϩ0.13 M Ϯ0.10 for [deoxy-Hb] (see Table 1 ). Across all subjects these changes were statistically significant at the P Ͻ 0.01 level (1-sample t test 11 df, last line in Table 1 ), while within subject statistics became significant in 7 subjects in one or two parameters.
Concerning the VEP-components the N75P100-component showed statistically significant changes in the single subject analysis in only 1 subject (cb_77 showing an increase in amplitude). The P100N135-component and the fit over 40 -210ms on the other hand consistently decreased in amplitude in 11 subjects, showing a statistically significant change in 9 subjects. Across subject analysis proved a similar difference between the components. A highly significant decrease of 3.1 V Ϯ1.8 was found for the P100N135-component, while the changes in the N75P100-component did not reach statistical significance.
The analysis of the normalised vascular changes (Table 2) and the VEP-component changes obtained from the fitting procedure yielded similar results with a 30 -40% decrease in amplitude in the vascular and a decrease of 36 and 37% for the P100N135 and 40 -210 ms fit, respectively. The fit for the N75P100 component did not show statistically significant changes (see Table 2 ).
For the across subject analysis of parameters dynamics during the ϳ1-min stimulation block, Table 3 summarizes the results of the GLM repeated measures analysis. The contrast analysis shows a significant decrease (compared to the initial value) for the N75P100-component after about half the block length. Interestingly, when compared to the first value, the initial increase in N75P100 amplitude also reached statistical significance. For the vascular parameters we chose the second epoch as a reference for the following 10 epochs, taking the vascular latency into account. 1 The decrease in [oxy-Hb] and the increase in [deoxy-Hb] reached statistical significance only at the end of the stimulation.
In summary, either vascular and electrophysiological parameters exhibit dynamic changes within the ϳ1 min stimulation period, compatible with a habituation to the stimulus. The comparison across the successive blocks yields only a brittle indication of a neuronal habituation. In the following paragraph we report the results from the coupling analysis based on the dynamics of the oxygenation and the VEP-component changes within the ϳ1 min stimulation block.
Correlating the normalised vascular parameters with the normalised electrophysiological parameters provides a rough measure of the coupling. Table 4 gives the correlation coefficients for all comparisons. As expected by the results described above the correlation between the N75P100-component and the different vascular parameters was generally lower than with the two other electrophysiological measures. Interestingly the correlation between the [oxy-Hb] changes with the electrophysiological components was much higher for the [oxy-Hb] changes calculated from the phase measurements, while for [deoxy-Hb] the opposite held true. As can be seen in table 4 the correlation coefficient was variable between subjects. It should be noted, that the coefficient is also dependent on the relative technical noise level of either vascular and electrophysiological parameter in the respective comparison. I.e., if the technical noise in the individual electrophysiological measurement was high this yields in a lower coefficient, which does not necessarily represent the physi-ological correlation between the parameters. The effect is augmented in cases in whom both electrophysiological and vascular noise levels were high due to technical (i.e., uncorrelated) noise.
The numerical values of the here proposed coupling index must be judged preliminary. Since the comparison between the vascular changes and the P100N135-component yielded highest values in the correlation analysis we here report the value for this comparison.
For the vascular changes obtained by the phase measurements the values are Ϫ0.03 M * V Ϫ1 for de- The first column provides the P values obtained by the GLM. The asterisks and colours in columns 2-12 denote the level of statistical significance of the post-hoc testing (simple contrast against 1st epoch for the electrophysiological parameters). For the vascular parameters the comparison to the 1st epoch (i.e., the first ϳ4.8 s after stimulus onset) resulted in statistically significant post hoc results for all successive epochs, due to the vascular response latency (data not shown see footnote in the text). A comparison to the 3rd value (i.e., assuming an even longer vascular response latency) did not change the results (data not shown) n.s., P Ͼ 0.1; $ P Ͻ 0.1; * P Ͻ 0.05; ** P Ͻ 0.01. Note. Correlation coefficients for all possible combinations between the vascular and electrophysiological parameters based on all epochs in the individual volunteers. The measure does not reflect the true correlation between the parameters but serves as an indicator for the signal-to-noise ratio for the respective comparison and subject.
oxy-Hb and ϩ0.09 M * V Ϫ1 for oxy-Hb. Calculating the index only for those subjects with a mean correlation coefficient of Ͼ0.5 (see last column in Table 4) , only slightly changes the result.
To supply another check of the assumed linearity we plotted the grand average of the VEP components' amplitude against the changes in the vascular parameters during the stimulation period (omitting the first value to compensate for the lag in vascular response). As can be seen in Fig. 8 , the 1st order regression line rather well explains the relationship between the habituation in P100N135 amplitude and the habituation in the vascular parameters. The slope of the regression corresponds well to the coupling index assessed by the difference between stimulation and rest. This means that for the P100N135 component a close (most probably linear) coupling can be postulated also for the habituation effect. For the N75P100-component such a relation cannot be assumed. 2 This index is the same when calculated by the average across the stimulation versus resting periods and when assessed for the habituation effect within the 1 min stimulation block. This suggests a close coupling between the N100P135-component and the vascular response.
DISCUSSION
The N75P100-component did not show a habituation effect within the stimulation block. Also the statistically non-significant trend of an electrophysiological habituation across the 13 successive stimulation blocks, separated by equally long resting periods was not reflected in a similar trend in the vascular parameters (Fig. 5) .
It should be noted here that the present report of a coupling index is not meant to imply that coupling is a homogeneous phenomenon across different brain regions. There are nonlinear aspects of neurovascular coupling Mechelli et al., 2001) , which, however, stress the necessity to not simply take a vascular response as the sole marker of cerebral activity. We here propose an approach of co-registering neuronal and vascular response to highlight that a linear relationship must be tested rather than assumed. In many complex paradigms a very obvious nonlinearity is the difference between excitatory and inhibitory neuronal processes for which network analysis has been proposed to define a more realistic image of brain activation (Nyberg et al., 1996) .
The discussion of the principal findings is structured as follows: we first discuss some issues of the localisation with respect to either VEP and haemodynamic response. This fairly general issue is relevant since habituation phenomena in either response can only be compared, if there is a rough spatial correspondence of the neuronal structures generating the VEP-components with the sampling volume of the NIRS measurements. Next, the findings are discussed with respect to the VEP habituation and the dynamics of the vascular response. Finally, we discuss some of the recent reports on the assessment of neurovascular coupling in the light of the present findings.
Localization of the Electrophysiological and Hemodynamic Response
Despite the wide use of visually evoked potentials in clinical routine and research, the generators of the individual VEP-components are not clearly identified. The gold-standard to localise neuronal generators of scalp potentials, single cell recording, is not feasible in the human. In the cat it was shown that 60% of the cells in area 17 are activated by a grating stimulus (Spileers et al., 1994) . At the same time the wide variety of responses for different cell populations is demonstrated using contrast sweeping to define response thresholds. Based on the recording of intracortical and surface potentials in the monkey Kraut and coworkers (Kraut et al., 1985) tentatively ascribe the N75-component to an initial excitation in layer IV of the striate cortex. P100-component is thought to reflect inhibition in thalamorecipient cells while the N135-component is ascribed to a stellate input into pyramidal cells (Kraut et al., 1990) . This finding of a mainly striate origin of the three components is supported by subdural electrode studies in the monkey (Dagnelie et al., 1989) and the human (Arroyo et al., 1997) . In the human, a large number of studies have been dedicated to the investigation in VEP-generators by use of scalp recorded potentials. Even magno-and parvocellular input (Klistorner et al., 1997) and retinotopic representation (Slotnick et al., 1999) have been differentiated. Such studies analyse temporal characteristics or apply dipole localisation techniques to isolate different inputs and generators of the scalp recorded potentials. However, due to the inverse problem assumptions must be made, in order to approximate the localisation of the sources corresponding to the neuronal generators of the scalp recorded potentials. In the present study a primarily cortical origin of the N75-P100-N135 swing is assumed. Since relative VEP-magnitude at Oz was analyzed we consider subcortical and extrastriate contribution small.
Concerning the NIRS measurements the issue of sampling volume is dominated by the question of depth penetration and extracerebral contribution. Extensive work has been dedicated to the question in how far the oxygenation changes monitored are truly cortical in nature (for review see ) and thus correspond to the haemodynamic responses demonstrated by imaging techniques most notably BOLDcontrast fMRI . Qualitatively the present results are in agreement with our previous studies using visual stimuli (Wenzel et al., 1996) (Heekeren et al., 1999b) and the probes are perfectly colocated with the electrodes due to the experimental set-up (Fig. 1) . Since the area sampled by the two probe pairs is rather large it may include areas beyond V1 (V2-V4). However, potential activation of these areas will also contribute to the VEP and its components.
A further issue concerning sampling volume needs mentioning. Since the measurement was performed with a frequency-domain monitor, we here report concentration changes calculated based on both, phase (⌬⌽) and intensity (attenuation) changes (⌬I). The results are qualitatively similar with a generally larger amplitude for the ⌬⌽-based values (⌬[. .-Hb] ⌬⌽ ϵ 1.5 * ⌬[. .Hb] ⌬I ). This can be explained by the higher sensitivity of ⌬⌽-measurements to deeper layers (Hemelt and Kang, 1999; Kohl et al., 2002) reducing the partial volume effect. Interestingly the ⌬⌽-based [oxy-Hb] changes correlated better with electrophysiological changes than the ⌬I-derived [oxy-Hb] changes. The opposite was true for [deoxy-Hb] . This finding may be explained by different contribution of physiological and technical noise to the respective parameter. While the technically lower SNR of the ⌬⌽-derived parameters explains the finding for [deoxy-Hb] changes, the physiological noise (heart beat, respiration, vasomotion) is more prominent in the [oxy-Hb] changes measured. By reducing the partial volume effect in the ⌬⌽-derived [oxy-Hb] changes, this overrides the technically induced loss in SNR and yields the better correlation with the electrophysiological findings. The finding that [oxy-Hb] changes are more prone to physiological noise (heart-beat and slow spontaneous oscillations) has been reported by our group , also visual inspection of the individual non-averaged timecourses supports this explanation, showing less uncorrelated [oxy-Hb]-changes in the ⌬⌽-based traces.
To sum up, although neither electrophysiological nor haemodynamic measurements can be exactly localised due to the respective methodological limitations, it seems a reasonable first approximation that the amplitude of the VEP-components measured by EEG and the oxygenation response as measured by NIRS represent a net effect of the respective neuronal and vascular events. The finding of a similar response behaviour for one of the VEP components and the [deoxy-Hb] changes may therefore result from linear and nonlinear aspects of neuovascular interaction in the visual system, whose primary and secondary areas could not be differentiated in the present approach. In further studies, we will challenge this simplification by extending the approach to a multisite EEG recording combined with a NIRS imaging device.
Habituation of the VEP Components
Habituation of event-related potentials has been reported for the auditory (Wang and Schoenen, 1998) and visual systems (Wastell and Kleinman, 1980) and cognitive functions (Wintink et al., 2001; Kropp et al., 2000; Kropp and Gerber, 1998) . Concerning VEP habituation a number of studies is concerned with the lack of habituation in interictal migraine patients. These papers all agree on the habituation in normal volunteers. We also find a 37% decrease of the P100N135-component amplitude over the 1-min stimulation block; however, the 10% decrease in N75P100 amplitude is not statistically significant. This is even more remarkable when the results of the GLM analysis are considered, showing an initial increase of the N75P100-component's amplitude. A closer look at the control groups of the above mentioned studies explains some of this discrepancies. Extending on a original study with 2 min repetitive checkerboard stimulation (Schoenen et al., 1995) Afra and coworkers find a habituation of 6.8% for the 3rd block of 100 reversals (i.e., after ϳ66 s). This decrease in N75P100 amplitude becomes statistically significant only after 4 min, whereas the 10 -11% decrease in P100N135-component amplitude is significant already in the 2nd block (compare Table 2 in (Afra et al., 1998) ). The study by Sandor et al. (1999) , using the same paradigm, shows a nonsignificant decrease of 13.7% between the 1st and 5th block of 50 reversals (ϳ80 s) in migraine patients and a recent study by the same group (Judit et al., 2000) reports normalised VEP habituation just prior to the migraine attack. Here a decrease in N75P100 amplitude of 13.6% is reported, which is more pronounced than the 6.8% decrease in the control group. The statistical comparisons are performed between groups, thus not allowing to directly compare the findings and the rather large standard deviation (20.5%) does not allow to infer statistical significance of the reported N75P100 habituation within each group (the P100N135 component is not reported). To explain the differences between the different studies it is of further relevance that stimulus parameters strongly influence habituation. Check size is of major importance to the relative activation of the parvo-and magnocellular pathway, whose relative input is thought to be reflected in the different components (Kubova et al., 1995) . The study of Oelkers et al. (1999) shows that only small check size elicits habituation dominated by the magnocellular input presumably reflected in the N135 component. Large checks (primarily activating the parvocellular pathway, allegedly dominating P100 amplitude) do not show this behaviour. The stimulus used in the present experiment consists of an annular checkerboard with different check sizes. To our knowledge the relative input in the two visual pathways compared to an unevenly sized checkerboard has not been studied. We cannot exclude the possibility that our finding of a differential behaviour of the two components is partly explained by this modification of the stimulus.
"Habituation" of the Vascular Response
The issue of a potential habituation of the vascular response is essentially the question in how far the coupling between neuronal activity and vascular response behaves like a linear system when the time course over the lengths of the stimulation period is analysed. The issue of linearity has been discussed along different lines of evidence:
Analysis of time course of the vascular response. Activation induced focal increases in blood flow override the focal oxygen demand, leading to a focal hyperoxygenation. Evidence has been put forward that this focal uncoupling (Fox and Raichle, 1986 ) is caused by a change to nonoxidative metabolism (Magistretti, 2000; Magistretti et al., 1999) eliciting a lactate increase in the activated area during prolonged stimulation (Sappey-Marinier et al., 1992) . Since some authors reported the BOLD-contrast to decrease over extended periods of stimulation (Hathout et al., 1994) with a similar temporal dynamic as the rise in lactate the finding spurred a theory that during prolonged stimulation the focal uncoupling is reversed within 3-4 min resulting in a focal recoupling Kruger et al., 1996) . In a previous NIRS study by our group, we also found the decrease in [deoxy-Hb] (which is inversely related to BOLD contrast) to partly return to baseline during sustained stimulation (Heekeren et al., 1997) . These considerations suggest a truly vascular habituation independent of the neuronal input. However, the theory must be modified in the light of a current view of the literature. Two other groups report a stability of the BOLD contrast over extended stimulation periods (Bandettini et al., 1997; Howseman et al., 1998) . Also the lactate shuttle between astrocytes and neurones as described by recent studies does not imply that substantial non-oxidative metabolism is induced by physiological activation of the cerebral cortex. Recently both linear and nonlinear aspects of the neurovascular coupling have been described. Kruger and coworkers reported BOLD-contrast-and perfusionsensitized-fMRI yielding almost identical dynamics during ongoing stimulation (Kruger et al., 1999) . In a more recent study, however, the model of a linear coupling between neuronal activation and rCBF but a nonlinear translation of the latter into BOLD-contrast changes has been postulated based on the simultaneous assessment of BOLD-contrast and arterial spin labelling sequences . Differences between the motor and the visual systems are reported. Also the rat cerebellar coupling model investigated by Mathiesen et al. (2000) stresses the importance of comparing identical stimulus conditions, since different stimulation frequencies led to different results concerning neurovascular coupling.
Hence, when BOLD-contrast changes in response to functional stimulation are to be modelled, neuronal input, the transform of this input into a vascular response and the ensuing changes in the parameters of flow velocity, flow volume and focal deoxy-Hb concentration must be respected. Such a model to describe linear and non-linear behaviour, which does not rely on the-questionable-assumption of a substantial change in the metabolic strategy to meet the energy demand induced by functional activation, has been developed. The Balloon and Windkessel model (Buxton et al., 1998; Mandeville et al., 1999) proceeds from the more simple assumptions of an elasticity of the venous compartment and changes in oxygen diffusion capacity induced by changes in vessel diameter and flow velocity. The model has been shown to readily explain changes in BOLD-contrast in response to functional stimulation and it has been refined and generalised to allow to explain both linear an nonlinear aspects of the BOLD-contrast response for almost any given stimulation paradigm .
However, most studies investigating the relation between neuronal activation and vascular response share the uncertainty as to the stability of the neuronal input. Surrogate markers such as flow-sensitized fMRI sequences are taken as evidence for a lack in habituation of the neuronal response or decrease in attention. To our knowledge the present study is the first to address the issue by a simultaneous assessment of the neuronal and the vascular response. The results are in agreement rather with the view that the decrease in BOLD-contrast (corresponding to the increase in [deoxy-Hb]) reflects neuronal habituation. We do not find evidence of a decrease in the vascular response independent of a concomitant neuronal habituation, on the contrary the attenuation of both the P100N135-component amplitude and the [deoxy-Hb] response during the 1 min stimulation block are statistically significant. This finding of a habituation is not in full accor-dance with those reported in those fMRI studies, which report a stable response for prolonged stimulation (Bandettini et al., 1997; Howseman et al., 1998) . It may be argued that the stimulation period of 1 min is too short and the early partial habituation effect documented here may be missed when much longer stimulation periods are analysed (there is in fact an initial overshoot of the BOLD response seen in Fig. 4 ; p. 5 of Howseman et al. (1998) and Fig. 10, p. 102, of Bandettini et al. (1997) ). However, the neuronal habituation has been found to extend over a much longer period and the control group in the above mentioned study by Afra and coworkers shows a neuronal habituation of about 20% for both components maximal at the end of the 15-min stimulation period. If the vascular response were to perfectly match the neuronal activation a decrease in BOLD contrast and flow-sensitised fMRI signal would be expected. This may highlight, that the present study supplies evidence for just one aspect of linear behaviour between VEP-component amplitude and oxygenation parameters as monitored by NIRS. The question of how the different vascular parameters are related is not addressed by the study. A recent study by Janz and coworkers has focussed the nonlinear interplay between neuronal activation and BOLD contrast (Janz et al., 2001 ). Though they find that superposition of single-event responses reasonably well explains the response to longer stimulation periods, the convolution of the stimulus input function and the decay-function of the VEP, measured prior to the fMRI experiment, still overestimates the transient changes at the beginning and the end of the stimulation period. The analysis of the time course of the vascular response may hence be complicated by the fact that at the beginning and at the end of a stimulation periods over-and undershoot phenomena appear, probably related to different latencies of the changes in blood volume and flow velocity (Mandeville et al., 1999) . The question concerning linearity of neurovascular coupling has therefore also been addressed by a number of recent studies applying graded stimulus intensities. Generally these studies investigate whether graded stimuli, of whom the neuronal response behaviour is known, elicit a correspondingly graded vascular response.
Response to graded stimulation. Using graded visual stimulation and balancing the flow velocity (CBFv) change induced by visual stimulation by hypercapnia induced CBFv increases, Hoge and coworkers (Hoge et al., 1999) have recently shown that the CMRO 2 does not reach a plateau but continuously increases with stimulus intensity, thus supporting the diffusion-based theory for functionally induced focal hyperoxygenation. A number of studies relate event related potential amplitudes to the vascular response. A linear relationship between N20P22 amplitude of the somatosensory evoked potential and BOLD-contrast in response to graded stimulus intensity has been reported in a study by Arthurs and co-workers (Arthurs et al., 2000) . In the rat, Ngai and coworkers found a linear coupling between SEP amplitude and vascular response as measured by laser doppler flowmetry in response to different stimulation frequencies (Ngai et al., 1999) . Interestingly this linearity was observed only if the integral instead of the mean across all SEPs was correlated to the vascular response. This finding fosters the view that the vascular response mirrors the sum of electrophysiological activity. We similarly find the fit across the whole N75-P100-N135 swing to correlate well with the oxygenation changes, while the N75P100 component did not correlate with the vascular changes during the stimulation period.
Besides the different aspects of linearity with respect to time course and graded stimulus intensity an essential question is which electrophysiological parameter is best able to represent the activity eliciting the vascular response. Comparing coherence of a motion stimulus, spike activity in V5 assessed by single cell recording in the macaque and BOLD-contrast changes assessed in the human, Rees and co-workers conclude, that "a very simple mathematical model links changes in the stimulus coherence, [. . .] firing rates [. . .] and modulation of BOLD contrast" (Rees et al., 2000) . The ratio they report is an increase in firing rate of 9 spikes/s per 1% increase in BOLD contrast. This finding encourages Heeger and coworkers to apply this trans-species approach to their data from the primary visual cortex. From the analysis they derive an increase in 0.4 spike/ second per neurone to elicit a 1% BOLD contrast increase (Heeger et al., 2000) . The gross difference between these results remains unexplained. Also, many stimuli will lead to a broad variety of spikeresponse patterns in different neuronal populations, which holds definitely true for the checkerboard stimulus applied in the present study (see above localization of the electrophysiological response). Also synaptic activity is metabolically demanding for both excitatory and inhibitory processes in the cortex (Jueptner and Weiller, 1995) . For a model of excitatory climbing fibres in the rat cerebellum blood flow correlated with evoked field potentials, which probably better represent neuronal activity (Mathiesen et al., 1998 (Mathiesen et al., , 2000 . Simultaneously assessing different measures of the electrophysiological activity and BOLD-contrast changes in the monkey, Logothetis and coworkers also reported a better correlation between the BOLD response and the local field potentials as opposed to multiunit responses (Logothetis et al., 2001) . These findings may indicate that scalp recorded potentials as assessed in the present study are a justified approximation to neuronal activity. A study by Guy and coworkers shows a good accordance between BOLD contrast and the VPEG, a measure of VEP amplitude changes similar to the here reported changes the value obtained by 40 -210 ms fitting-procedure (Guy et al., 1999) .
In the present study we provide evidence for just one aspect of the assumption that the translation of the neuronal to the vascular response behaves like a linear system, also we cannot ascertain that the volumes sampled are precisely the same for our electrophysiological recordings and the oxygenation changes measured by NIRS. However, based on the above discussed literature we consider it justified to calculate a ratio between simultaneously assessed changes in VEP magnitude and oxygenation changes. We find that the ratio between the oxygenation parameters and the VEP response is the same when assessed by the average across the 1-min stimulation block and when assessed by the difference between the beginning and the end of the stimulation (i.e., the habituation). Also the regression between the P100N135 amplitude and the oxygenation parameters is sufficiently approximated by a linear equation (see Fig. 8 ). These findings support the usefulness of the here presented approach to assess neurovascular coupling noninvasively in the human.
